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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the pathogen responsible for the coro-
navirus disease 2019 (COVID-19) pandemic. SARS-CoV-2 genomes have been sequenced massively and world-
wide and are now available in different public genome repositories. There is much interest in generating
bioinformatic tools capable to analyze and interpret SARS-CoV-2 variation. We have designed CovidPhy
(http://covidphy.eu), a web interface that can process SARS-CoV-2 genome sequences in plain fasta text format
or provided through identity codes from the Global Initiative on Sharing Avian Influenza Data (GISAID) or
GenBank. CovidPhy aggregates information available on the large GISAID database (>1.49 M genomes). Se-
quences are first aligned against the reference sequence and the interface provides different sources of infor-
mation, including automatic classification of genomes into a pre-computed phylogeny and phylogeographic
information, haplogroup/lineage frequencies, and sequencing variation, indicating also if the genome contains
known variants of concern (VOC). Additionally, CovidPhy allows searching for variants and haplotypes intro-
duced by the user and includes a list of genomes that are good candidates for being responsible for large out-
breaks worldwide, most likely mediated by important superspreading events, indicating their possible

geographic epicenters and their relative impact as recorded in the GISAID database.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
single-stranded RNA virus responsible for the coronavirus disease 2019
(COVID-19) pandemic. There has been a massive interest in sequencing
genomes from coronavirus circulating in COVID-19 patients worldwide
since its first early sequencing in December 2019 (Wu et al., 2020).
Genomes are stored in public repositories such as GenBank
(https://www.ncbi.nlm.nih.gov/sars-cov-2/) or, more specifically, in
The Global Initiative on Sharing Avian Influenza Data (GISAID; htt
ps://www.gisaid.org) (Shu and McCauley, 2017) as well as the 2019
Novel Coronavirus Resource (2019nCoVR; https://bigd.big.ac.cn/nc
ov/online/tools).

During the last few months, several software applications and web
tools have been developed that aim at understanding SARS-CoV-2

variation as well as dissemination in a worldwide scale. One of the
most popular tool is Nextstrain (https://nextstrain.org (Hadfield et al.,
2018)), which provides a maximum likelihood phylogeny built on a
massive amount of SARS-CoV-2 genomes, and which allows to investi-
gate the phylodynamics of the virus since the beginning of the
pandemic. However, nomenclature of the Nextstrain phylogeny is
limited to a few nodes among hundreds, it does not follow systematic
criteria for naming clades, and it is not stable since it has undergone
several changes over the last few months. Moreover, mutational path-
ways along branches from the root to a given node can only be recon-
structed partially in most of the tree; therefore, although very
informative from the phylodynamics point of view, the phylogeny does
not allow to classify a genome into a phylogenetic node with the
exception of a few nodes of interest (see, in contrast, human mtDNA
phylogeny including 5,500 haplogroups (van Oven, 2015) and related
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classification tools such as Haplogrep (Weissensteiner et al., 2016). The
tool Nextclade, which is part of the Nextstrain project, allows to classify
SARS-CoV-2 fasta sequences into 18 major clades. Besides mutation
calling and clade assignment, it performs some quality checks and
phylogenetic placement in a global tree. The largest SARS-CoV-2 clade
dataset is provided by the Pango Network comprising 1,801 virus line-
ages (out of which 514 lineages are withdrawn) with its own lineage
naming rules (Rambaut et al., 2020). Several tools for online and offline
classification, lineage suggestion with an own lineage designation
committee, tree modification and reporting are provided. Other
analytical tools for the analysis of SARS-CoV-2 variation include CovSeq,
a Python and JavaScript designed web interface (Liu et al., 2020a) that
aggregates data from different repositories to extract information on
genetic variants that, ultimately, can be downloaded by users. The
varSEAK database (https://varseak.bio) offers a variety of analyses,
providing information on variants, lineages, and a splice site prediction
tool. Other software includes Viral Genome ORF Reader (VIGOR (Wang
et al., 2010)), which focuses on gene annotation, VAPiD (Shean et al.,
2019), a pipeline that facilitates genome submissions to NCBI GenBank,
and the National Genomics Data Center (Gong et al., 2020), an online
tool that includes BLAST alignment, genome annotation, variant iden-
tification modules, among others utilities.

We have developed CovidPhy (www.covidphy.eu), a web tool that
allows to process and analyze complete SARS-CoV-2 genomes. CovidPhy
implements a pipeline that accepts newly generated sequencing fasta
files, but also the identification codes of genomes stored in GISAID or
GenBank repositories. It classifies genomes into main phylogenetic
nodes and offers information on viral variants and clade frequencies
worldwide.

By inspecting the large GISAID database, it makes it possible to
identify specific SARS-CoV-2 sequences as strong candidates for being
responsible for notable COVID-19 outbreaks. The first attempt was
carried out by Gomez-Carballa et al. (2020a); in this early article, we
explored the database available at that time (containing >4.7 K
SARS-CoV-2 genomes) for identical genomes that showed a high fre-
quency in a short time frame (of only a few days) and occurring in
specific geographic areas. This signature, coupled with the substitution
rate of the SARS-CoV-2 (which generates a substitution approximately
every two weeks) and the incubation period needed for the development
of the COVID-19 symptoms (5-6 days, according to WHO on November
8, 2020) signaled the likely presence of sudden local outbreaks that
could have been originated by superspreading events. Topological in-
spection of the phylogenies originated by these candidates added further
support to a model of germ transmission compatible with super-
spreading and not with alternative ways of transmission (e.g. chains).
This procedure was subsequently extended in Gomez-Carballa et al.
(2020b) to explore the important outbreaks occurring in Spain during
the first wave of the pandemic, which was particularly devastating in
this country. Further investigations corroborated the important role of
superspreading in the COVID-19 pandemic (Adam et al., 2020; Althouse
et al.,, 2020; Liu et al., 2020b; Walker et al., 2020). The article by
Lemieux et al. (2020) specifically treated two important outbreaks
occurring in Boston in the early weeks of the pandemic; notably, one of
these event had been recorded by our early analysis in Gomez-Carballa
et al. (2020a); this feature was pointed out in Salas et al. (2021).
Therefore, the identification of genomes that were responsible for
important outbreaks in different countries and locations by simply
inspecting the GISAID database constitutes another useful feature of
CovidPhy.

2. Material and methods
2.1. Data source and processing

CovidPhy uses data from GISAID to compute variant and clade
(haplogroup) frequencies and infer SARS-CoV-2 candidates responsible
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for outbreaks. Genomes are aligned against the reference genome with
GenBank accession number MN908947.3 (submitted on January 5,
2020) corresponding to the first SARS-CoV-2 genome released on Gen-
Bank (GISAID ID #402125). Most of the sequences used by CovidPhy
were incrementally downloaded from GISAID since our initial publica-
tions and aligned to the reference sequence as previously indicated
(Gomez-Carballa et al. 2020a, b; Pardo-Seco et al., 2021; Salas et al.,
2021). A total of 1,493,746 genomes (downloaded on February 5, 2021
from GISAID) are now being processed in CovidPhy. We extracted the
differences between any sequence and the reference, and the genomes
were classified into the nodes of a pre-generated phylogeny.

2.2. Phylogeny and nomenclature

We implemented the phylogeny (and nomenclature) built by
Gomez-Carballa et al. (2020a, b) to classify SARS-CoV-2 genomes into
clades; this is also available and navigable in the web interface.
Although built on data produced during the first wave of the pandemic,
to the best of our knowledge this phylogeny remains the most elaborate
one available. The lack of a consensus nomenclature has generated great
controversy among the scientific community (https://www.newscien
tist.com/article/mg24933242-900-coronavirus-variant-names-are
-too-confusing-there-is-a-better-way/ (Callaway, 2021)), as also echoed
by the media (e.g. https://www.nytimes.com/2021/03/02/health/
virus-variant-names.html), especially with the identification of new
variants of concern (VOC) in late December 2020. We had already
warned about this controversy in our early publication (Gémez-Carballa
et al.,, 2020a). Thereby, the differing naming for SARS-CoV-2 genetic
lineages by GISAID, Nextstrain and Pango will remain by the scientific
community, so that it seems most reasonable to keep the consistent
nomenclature employed in the source mentioned. In addition, note also
that the minimal nomenclature scheme employed by Nextstrain does not
follows a systematic criteria for naming branches and the nomenclature
is dynamic (see comments in (Gomez-Carballa et al., 2020a)); this is also
a common feature of the nomenclature used by Rambaut et al. (2020,
2021). Instead, as of June 2021, The World Health Organization (WHO)
proposed a new naming convention for VOCs and variants of interest
(https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/)
introducing letters of the Greek alphabet; CovidPhy provides classifi-
cation of sequences into the four popular VOCs, namely, Alpha, Beta,
Gamma and Delta. Together with this classification scheme, CovidPhy
also identifies worrying mutations according to the CoVariants resource
(https://covariants.org/shared-mutations), many of these mutations are
relevant to VOCs.

2.3. Software stack

The whole stack was written in Nim programming language
(https://nim-lang.org). Nim is one of the best performing languages
(https://github.com/kostya/benchmarks; https://github.com/def-
/nim-benchmarksgame), usually on par with C, without sacrificing
readability and expressiveness.

The alignment of the input sequences is performed with a modified
version of MAFFT (Katoh and Standley, 2013), so it can be interfaced
directly through a foreign function interface (FFI). The database of
choice is SQLite (https://www.sqlite.org/), as we deemed that the
strengths of that database (easy installation and management, capable of
handling web traffic over 500 K hits/day) outweighed the weaknesses
(not ready for high concurrency writes, no client/server structure). Nim
can also compile to JavaScript, targeting the browser and allowing the
developer to write the full stack of a web service in one single language.

The graphics for the webpage are created using Plotly (https://plo
tly.com/javascript/), interfaced using Nim both in the frontend and in
the backend. The web stack is a single binary, but the core (the aligner
and the classifier) is decoupled, and therefore it could be reused to build
also a graphical user interface (GUI) and command line interface (CLI)
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Fig. 1. Pipeline of CovidPhy. CovidPhy offers three interfaces: a web, a CLI and a GUIL All three can be fed with a fasta file (top left) that is aligned using libdistfast.so
against the Reference (402,125) and scanned looking for differences that allow the classification in a precomputed phylogeny (top, red square marked “core™). The
output varies for each program: the CLI and the GUI only output the haplogroup and the variants found (bottom black square), while the web offers additional
information: haplogroup frequencies in regions (e.g. countries), candidates for important outbreaks as inferred from database searchers, and VOCs. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 1). We provide three main programs in the repository:

e covidphy, the web server that can be reached at www.covidphy.eu;

e covidphy_cli, a command line interface that is used to classify se-
quences in our internal pipelines;

e covidphy_gui, a simple graphic interface for those unfamiliar with
CLI, who may prefer to select the input with buttons

2.4. Detection of outbreak candidates

Outbreak candidates were investigated in GISAID by searching
identical haplotypes detected at least 30 times in a period of five
consecutive days in a specific country or state (note however that these
values might change in future updates of the tool depending on e.g.
database size). Once an outbreak is detected, we determine its length by
adding consecutive days after the identified event, so long as the dis-
placed 5-day window meets the previous condition of at least 30 iden-
tical sequences; alternatively, we reduce the interval to the extreme if
the number of counts equals to 0 while still satisfying the minimum
criterion of at least 30 identical haplotypes in the shortened period.
These analyses were carried out using R software (R core Team, 2019).

3. Results
3.1. Analysis carried out by CovidPhy

CovidPhy admits fasta files and can also run genomes provided
through a GISAID or a GenBank identification code. The sequences are
aligned against the SARS-CoV-2 reference sequence MN908947.3. New
genomes are then investigated individually by exploring the variants
present, their frequency information as extracted from the large GISAID
database, and their phylogenetic allocation with regards to the reference

phylogeny implemented in CovidPhy.

It takes about 0.1 s to align a single genome and carry out the clade
classification; the rest of the analysis is even faster because the results
displayed have been precomputed.

While sequence codes from NCBI can be retrieved automatically
from the website, GISAID does not allow sharing genomes stored in their
database; therefore, to investigate these sequences, the user must first
register in the GISAID platform and download them the fasta files
directly. When a GISAID code is entered, CovidPhy only provides in-
formation on its lineage/haplogroup assignation and frequency, but not
on the variants involved.

For the genomes uploaded directly in the fasta text box or those
indicated as a NCBI code, the user also obtains information on the var-
iants present against the reference sequence (MN908947.3). This basic
information includes the nucleotide position, the reference variant, and
the alternative allele, the ORF assignation, the predicted severity of the
variant for the virus (low: if synonymous; medium: if non-synonymous;
high: if it leads to stop gain/loss, frameshift, or start loss), their func-
tional description (missense, synonymous, etc.), and its frequency in the
database. In addition, the user is informed if the sequence carries
worrying mutations, indicating the nucleotide and the amino acid
change (if any; e.g. A23063T (N501Y) that is characteristic of the B.1.1.7
and other VOC (Davies et al., 2021)). Information on the length and
coverage of the genomes is also provided (note that the 5’ and 3’ ends of
the genomes stored in GISAID are usually missed).

Genomes are automatically classified into a clade according to the
phylogeny provided by Gomez-Carballa et al. (2020a, b) and also in-
dicates if the sequence is classified in any of the four most important
VOC, but the algorithm can be applied to any classification tree. Once a
sequence is classified into a clade, information is provided on the
geographic location of this clade by way of displaying a continental map
and including information on continental or country haplogroup
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frequencies. The phylogeny used by CovidPhy is provided in full in a tab.
Briefly, there are two main clades that are phylogenetically located at
the same level. Although there is not a clear consensus on the root of the
tree (see a discussion in (Gomez-Carballa et al., 2020a), the nomencla-
ture is based on classical cladistics and, for practical purposes, it assumes
the root in haplogroup A. Haplogroup names are organized and named
hierarchically from this root: A > Al > Ala > Ala2, and the branch
variants are indicated. By clicking on an haplogroup label, the user is
moved to another tab indicating geographic frequencies of this lineag
/haplogroup as well as the diagnostic mutational path that characterizes
it.

Finally, another notable feature of CovidPhy is to search genomes
carrying a particular variants or a set of variants in the GISAID database
and selecting by country. For a specific query, the tool informs on the
frequency of all the haplotypes in the database containing the variant(s)
in the query through the time since the beginning of the pandemic.

3.2. Outbreaks recorded in SARS-CoV-2 databases

By inspecting the large database of GISAID, it is possible to identify
specific SARS-CoV-2 sequences as good candidates for being responsible
for large sudden COVID-19 outbreaks triggered by superspreading
events. These events are listed in CovidPhy by geographic region and by
country. Information is provided on the number of sequences repre-
sented in the database for the exponential growth period, and the rela-
tive frequency of the responsible genome against the other genomes
circulating in the same region during the same timeframe.

Lineage assignation of the candidate genome is provided, and the
continental frequency of this haplogroup can also be graphically dis-
played on a map.

4. Discussion

The COVID-19 pandemic has impacted every region of the world.
There is much interest in investigating and tracking evolutionary char-
acteristics of SARS-CoV-2 variants and lineages. Apart from the interest
of CovidPhy for research, there is also demand from e.g. microbiological
units in hospitals lacking the bioinformatic tools for the treatment of the
genome sequences that they generate on a daily basis. There are similar
tools available that can process SARS-CoV-2 genome sequences and
carry out different kinds of analyses. Compared to previous de-
velopments, CovidPhy offers additional features. For instance, it auto-
matically classifies a given genome into a clade by providing a SARS-
CoV-2 phylogeny, and to provide phylogeographic information for this
genome. Additionally, it allows variant(s) searches in the large GISAID
database providing with information on frequencies for haplotypes
containing the queried variation. It also provides information on line-
ages that have played a critical role in the dispersal of the SARS-CoV-2
pathogen, by initiating rapid and sudden outbreaks across the world.

CovidPhy has been specifically designed for treating information on
the SARS-CoV-2 sequences, but it can be easily scaled to other micro-
organisms of interest for which large datasets are available. (e.g. for
influenza in GISAID).
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